[1] Changes in the variability of surface ozone can affect the incidence of ozone pollution events. Analysis of multi-century simulations from a chemistry climate model shows that present-day summertime variability of surface ozone depends strongly on the jet stream position over eastern North America. This relationship holds on decadal time scales under projected climate change scenarios, in which surface ozone variability follows the robust poleward shift of the jet. The correlation between ozone and co-located temperature over eastern North America is also closely tied to the jet position, implying that local ozone-temperature relationships may change as the circulation changes. Jet position can thus serve as a dynamical predictor of future surface ozone variability over eastern North America and may also modulate ozone variability in other northern midlatitude regions. Citation: Barnes, E. A. and A. M. Fiore (2013) , Surface ozone variability and the jet position: Implications for projecting future air quality, Geophys. Res. Lett., 40, doi:10 .1002/grl.50411.
Introduction
[2] Climate warming is likely to degrade air quality in many polluted regions but models disagree regionally on the magnitude, and sometimes the sign, of the surface ozone response to projected warming Jacob and Winner, 2009; Weaver et al., 2009] . The lack of consistency across studies to date, combined with computational constraints limiting many simulations to only a few years, complicates interpretation of model differences. These differences could reflect diversity in emissions, model internal variability (climate noise), or the regional climate response (including feedbacks from chemistry and emissions) to global warming.
[3] Synoptic variability is known to modulate summertime surface ozone levels at northern midlatitudes [Vukovich, 1995] , but observationally derived relationships between counts of synoptic variability and high-ozone events are relatively weak [Leibensperger et al., 2008; Turner et al., 2013] . Here we show that representing synoptic activity by the latitude of the jet stream leads to robust relationships between the large-scale flow and the standard deviation of surface ozone (a measure of daily variability) over eastern North America in present-day and future climate scenarios. Thus, the response of the jet to climate warming can provide insight into how regional air quality will change in the future.
Methods
[4] We exploit 1330 years of simulated daily surface ozone from a suite of simulations from 1860 to 2100 performed for the fifth Coupled Model Intercomparison Project (CMIP5) using the Geophysical Fluid Dynamics Laboratory (GFDL) Climate Model version 3 (CM3) chemistry climate model [Donner et al., 2011] . Specifically, we analyze the Historical (1860-2005; five-member), RCP4.5 (2006-2100; three-member), and RCP8.5 (2006-2100; one-member) simulations, and a sensitivity simulation, denoted as RCP4.5* (three-member), that has evolving well-mixed greenhouse gases following the RCP4.5 scenario but emissions of aerosol and ozone precursors held constant at 2005 levels. RCP4.5* enables us to separate the impact of climate warming (in all scenarios) from the impact of decreasing ozone precursor emissions on ozone variability. In RCP4.5 and RCP8.5, emissions of the dominant ozone precursor, nitrogen oxides (NO x ), decline by 80% from 2005 to 2100 over eastern North America. CM3 uses climatological isoprene and soil NO x emissions, rather than interactive emissions driven by local meteorological conditions. However, since our focus is on ozone variability driven by the meteorology, the inclusion of these generally positive feedbacks would likely amplify the relationships reported here. Additional information on the model configurations for each scenario are detailed in Table 3 of John et al. [2012] .
[5] We focus on summer (JJA), the peak ozone pollution season over eastern North America (ENA; 39°N-58°N, 269°E-294°E; see Figure 2 ). Observations of maximum daily 8 hour average (MDA8) ozone are from the United States Environmental Protection Agency Clean Air Status and Trends Network (CASTNet). We restrict our analysis to the 23 sites in ENA with at least 80% of the daily JJA data for at least 8 of the 10 years between 1990 and 1999. Due to the nonuniform geographical spacing of the sites, we first zonally average the daily data across the region to a 2°lati-tude grid (to compare with the 2°latitude by 2.5°longitude grid of the model). MDA8 ozone is calculated from hourly surface ozone fields.
[6] Ozone variability is calculated for each JJA decade as the standard deviation of the daily MDA8 ozone anomalies (92 days 10 years). Anomalies are calculated by subtracting the calendar-day mean and linear trend over the decade. Unless otherwise stated, we present ensemble-average quantities over each decade where multiple ensemble members are available. The slope of the regression line between MDA8 ozone anomalies and daily maximum 2 m temperature (T max ) anomalies is calculated using linear least squares regression as in Bloomer et al. [2009] , and we report the Pearson correlation coefficient. The jet latitude each summer is defined as the latitude of the maximum 500 hPa JJA zonal winds zonally averaged over ENA. The jet and maximum ozone variability positions are defined from the CM3 model and the Modern Era-Retrospective Analysis for Research and Applications (MERRA) Reanalysis (for our observational analysis) [Rienecker et al. 2011] by fitting a quadratic about the peak of the zonally averaged profiles of zonal mean wind and the standard deviation of MDA8 ozone, respectively (see also the supporting information). 
Results
[7] We begin by examining the relationships between the observed mean MDA8 ozone, its standard deviation, and the jet position in Figure 1a . Observed mean MDA8 ozone (dashed line) is maximum over the northeastern United States, near 40°N, where ozone precursor emissions are largest. The largest relative standard deviations of MDA8 ozone (defined as the standard deviation divided by the mean; black dotted line) do not occur in the regions with the largest mean ozone, but instead are offset approximately 5°to the north. This peak in relative ozone variability is located near the location of the 500 hPa jet stream (vertical tick mark along the top of the panel). Note that the 500 hPa level lies approximately 5 km above sea level and thus does not directly measure the surface winds, but rather quantifies the position of the midlatitude jet stream (and storm track).
[8] Model simulated surface ozone ( Figure 1b , dashed lines) and its standard deviation (dotted lines) more than doubled between 1860-1869 and 1990-1999 over the northeast United States (40°N-47°N). This doubling reflects the increase in anthropogenic NO x emissions, the dominant regional ozone precursor (Figure 1b, bottom) . While the latitude of the present-day mean ozone maximum is well captured by the Historical model simulations, the model overestimates mean summertime MDA8 ozone over ENA by up to 20 ppb and overestimates preindustrial surface ozone when compared to the limited available observations [e.g., Horowitz, 2006] . This overestimate is common among current generation models [Fiore et al., 2009] , and the positive bias in mean ozone corresponds to a similar positive bias in ozone variability of up to 20% (see Figure S1 ). However, the relative standard deviations of MDA8 ozone in the model and the CASTNet observations are similar to within 5% (see Figure 1a) , indicating that the model can simulate the processes pertinent to ozone variability.
[9] We hypothesize that a poleward shift of the jet may invoke a similar shift in ozone variability, given their observed and modeled present-day collocation. Figure S2 ), and the latitude of maximum ozone variability shifts so as to remain aligned with the latitude of the jet.
[10] demonstrate a poleward shift of the North Atlantic jet in JJA across the CMIP5 models, consistent with results shown for CM3. Furthermore, within CM3, the ensemble-mean greenhouse-gas-induced shifts of the jet and maximum ozone variability shown in Figures 1c-1e are all statistically different from zero at 90% confidence using a Monte Carlo approach to estimate the internal variability (see the supporting information and Table S1 ).
[11] The shift of ozone variability in RCP4.5* (Figure 1c ), where ozone precursors are fixed, demonstrates that NO x emission decreases in RCP4.5 and RCP8.5 are not solely responsible for driving the northward shift of ozone variability. The smaller jet shift in RCP4.5* reflects weaker surface warming than in RCP4.5 where cooling aerosols are removed. Although the NO x emission decreases in RCP4.5 reduce the variability throughout the region, the location of maximum variability consistently aligns with the jet latitude. For 2086-2095, the mean ozone and standard deviation in RC8.5 are larger than in RCP4.5, likely reflecting the availability of higher baseline free tropospheric ozone due to the doubling of global methane in RCP8.5 (versus a 10% decrease in RCP4.5).
[12] Changes in ozone variability can influence the extremes. Figure 1f shows changes in the 90th percentile toward higher MDA8 ozone values in RCP4.5*, which could reflect a combination of the jet shift and decreased PAN (peroxyacetyl nitrate) production [e.g., Doherty et al., 2013] . For RCP4.5 (Figure 1g) , NO x decreases reduce the extremes at all latitudes. Despite the similar NO x reductions in RCP8.5, the 90th percentile values increase north of 50°N in RCP8.5 (Figure 1h) , likely due to the larger Figures 3a, 3d, 3g , and 3j) to 2086-2095 for the same geographical location, representing the change between the beginning and end of the 21st century. Panels show results for one ensemble member of each experiment and arrows in Figures 3a, 3d, 3g , and 3j are shifted upward to aid in visualization.
shift of the jet and the smaller decrease in mean ozone compared to RCP4.5.
[13] The relative position of the jet to a given location largely explains the fluctuations of summertime surface ozone there on decadal time scales. We separate the data into 10 year periods, denoted by color, and Figures 3a-3c show ozone variability at each latitude as a function of the distance from the jet. Results for one ensemble of each scenario are shown since we wish to highlight that the natural variability of the jet position can also influence ozone variability. The peak in ozone variability is found at the latitude of the jet in all decades in Figures 3a-3c ( i.e., at zero), demonstrating that fluctuations of the jet position lead to similar fluctuations in ozone variability.
[14] To demonstrate the response of the jet and ozone variability to climate change, arrows in Figure 3 connect the early and late 21st century values for the same geographical location to show the local change in ozone variability. Because NO x emissions decrease to one third of their initial value over 2006-2015 in RCP4.5 and RCP8.5, we have chosen to highlight the 2016-2025 period. In RCP4.5*, the arrows, and thus the changes in ozone variability, point along the climatological curve, such that when the jet moves closer to a region (northward in the RCP scenarios), ozone variability increases, while in regions further from the jet, ozone variability decreases. Similarly, the jet shifts north by 4°l atitude in RCP8.5 and the peak in ozone variability shifts along with it. In RCP4.5, the maximum in ozone variability in every decade is located at the jet latitude, but there are large decreases in the magnitude of the standard deviations, likely due to decreasing mean ozone with emission reductions. The effects of the mean ozone response to emissions can be removed by calculating the relative standard deviation, shown in Figures 3d-3f . All three simulations show that the northward jet shift increases relative ozone variability to the north and decreases ozone variability to the south. That the relative standard deviation peaks north of the jet is purely arithmetic and reflects the influence of lower mean MDA8 ozone (denominator) at higher latitudes.
[15] The relationship between surface ozone variability and the latitude of the jet in a warming climate is summarized in Figure 4 . The ensemble-average decadal-mean jet latitude and latitude of maximum ozone variability are highly correlated, where the best fit slope of 1.02 implies that as the jet shifts poleward with climate warming, ozone variability may shift poleward a similar amount.
[16] Relationships between temperature and surface ozone have previously been used to quantify the combined effects of meteorological and temperature-dependent chemical and emission processes on regional air quality [Bloomer et al., 2009] . Given that the jet is strongly tied to synoptic eddy activity (which ozone-temperature correlations implicitly include), it is logical that the jet position is also related to the daily ozone-temperature relationship. The correlations and slopes between MDA8 ozone and T max displayed in Figures 3g-3l are highest near the jet axis and decrease as one moves away from the jet. This is consistent with the notion that the inverse of temperature largely acts as a proxy for synoptic activity, with warmer temperatures implying more stagnant conditions. Additionally, Bloomer et al. [2009] demonstrated empirically that the slope between ozone and temperature increases with NO x , and the influence of NO x levels on the slope can be seen for RCP4.5 and RCP8.5, while the shift in the circulation explains the variations in the slope for RCP4.5*. With increasing greenhouse gases and a northward jet shift (follow arrows in Figures 3g-3i) , larger correlations occur in regions close to the jet, and smaller correlations occur in regions further away where temperature has little linear predictive capability (R 2 < 25%). The correlations decrease substantially in RCP8.5 at most latitudes (Figure 3i ), but Colors denote decades as in Figure 3 .
the standard deviation of ozone does not (see Figure 3c ), highlighting that ozone may still be influenced by synoptic activity in the future, but the ability of surface temperature to explain such variations will decrease substantially under this scenario.
Conclusions
[17] The strong dependence of surface ozone variability on jet latitude, a quantity easily computed from climate models, implies that understanding future changes in jet location can be used to derive changes in summertime surface ozone variability and ozone-temperature relationships. Previous studies have suggested that observed regional regressions can be used to predict changes in ozone, given projected changes in temperature or other meteorological variables [Bloomer et al., 2009] . However, our results show that changes in the large-scale tropospheric flow over eastern North America can alter these relationships. Thus, local regressions will likely produce unreliable projections of future ozone if the large-scale circulation shifts with climate warming. Our results further suggest that the ubiquitous discrepancies in jet location among climate models may contribute to the wide range of current estimates for climate-driven changes in surface ozone at northern midlatitudes Weaver et al., 2009] .
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SUPPLEMENTARY MATERIAL

Calculation of the jet position
The latitude of the monthly-mean jet position over Eastern North America is defined as the latitude of 500 hPa maximum zonal-mean zonal winds (u) averaged over the sector. Typically, the eddy-driven, midlatitude jet is defined using lower-tropospheric winds in order to distinguish it from the zonal winds associated with the subtropical jet Woollings et al., 2010) . The subtropical jet winds increase with height, with easterlies near the surface, whereas the eddy-driven winds are largely barotropic, with westerlies near the surface. Thus, lower-tropospheric winds exhibit a jet peak associated with the midlatitude jet, but not the subtropical jet. Here, we use 500 hPa instead of the lower-troposopheric winds in order to ensure that we are not finding a relationship between the jet location and ozone variability purely because we use near-surface winds and near-surface ozone. The 500 hPa level thus allows us to still distinguish the eddy-driven and subtropical jets, but is also well-removed from the surface.
For each month, the latitude of maximum zonal-mean zonal wind is found, and then the wind profile is interpolated to a 0.01 o latitude grid and a quadratic is fit about the maximum. The jet position is defined as the latitude of the maximum interpolated zonal-mean zonal wind. As an example, the figure below shows the sector-averaged zonal wind for August 1998. The black dotted line shows the original MERRA profile, the red curve denotes the fitted quadratic at the peak, and the star denotes the position of the jet defined according to the methodology outlined above. Note that even though the resolution of the data is 2 o latitude, the latitude of the jet can be defined up to much higher precision since monthly zonal wind is a continuous and smooth variable. 
Calculation of the position of maximum ozone variability
We define the latitude of the seasonal-mean ozone variability by finding the latitude of maximum variability each season of each year. Similar to the jet, the latitude of the maximum ozone variability is found, and then the profile is interpolated to a 0.01 o latitude grid and a quadratic is fit about the maximum. The position of maximum ozone variability is then defined as the latitude of the interpolated field maximum.
Estimating the significance of shifts
The natural variability of the jet position is calculated using a Monte Carlo approach by randomly sampling 10,000 10-year groups from the 5 Historical ensemble members. We follow a similar process for the peak in ozone variability, except we use the 3 RCP4.5* ensemble members to ensure the shifts are not due to emission changes. 
